Summary. In the current study we evaluated effluent blood from extremities of human patients undergoing reconstructive surgical treatment which is routinely accompanied by upper extremity exsanguination and application of a tourniquet. Following tourniquet release (reperfusion), there were immediate increases in the plasma levels of xanthine oxidase activity, uric acid, and histamine. Xanthine dehydrogenase activity was not detectable. Plasma also contained products consistent with the formation of oxygen-derived free radicals, namely hemoglobin and fluorescent compounds. Our data indicate in humans that ischemia-reperfusion events are associated with the appearance of xanthine oxidase activity and it's products in the plasma effluent.
Oxygen radicals generated by xanthine oxidase (XO) are implicated in cell and tissue injury resulting from ischemia-reperfusion procedures in animal model systems [1] . The ability of superoxide dismutase and allopurinol to protect cells and tissues from ischemia-reperfusion injury has been taken as evidence that generation of superoxide anion by XO may be relevant to the pathogenesis of the tissue injury [2] . In a variety of human tissues, immunochemical evidence for the presence of XO in vascular endothelial cells has been elicited [8, 9] . On the other hand, no XO has been detected * Supported in part by grants GM-28499, GM 29507, HL 31963, GM 39397, HL-21568, and HL-33064 from the National Institutes of Health and FR 744/1 from the Deutsche Forschungsgemeinschaft Abbreviations: XO=xanthine oxidase; XD=xanthine dehydrogenase; IPSI=ipsilateral limb; CONTRA=contralateral limb in extracts of human myocardium [7] . These observations have raised questions regarding the pathophysiologic role of XO and its reaction products in ischemia-reperfusion injury in man. Recently we have shown that the activity of XO can be enhanced by the presence of low concentrations (1 gM range) of histamine, both in vitro and in vivo [10] . In the studies reported here we sought to demonstrate a similar effect of histamine on XO activity after ischemia-reperfusion events in humans.
Patients, Materials and Methods
Venous blood samples were obtained from 22 adult human patients undergoing elective surgical treatment of upper extremities. Centripedal application of elastic bands were applied to the extremity to be surgically treated to remove all remaining blood, followed by tourniquet application (varying from 60 to 120 rain) to produce arterial compression and cessation of blood flow. At the end of this period the tourniquet was removed, restoring blood flow. Patients for study were selected at random and were treated in compliance with institutional procedures for the study of human subjects. No procedures were used that were not part of routine clinical practice for this type of surgical treatment. The mean age of the 22 patients was 54.3 + 8.3 years (mean ___ SEM). The mean tourniquet time was 67.8-I-17.4 min. Surgical treatment included Dupuytren's contracture release, palmar tendolysis, ulnar nerve decompression, and other procedures. Tourniquet application was at a pressure approximately twice the systolic pressure sufficient to prevent bleeding in the surgical site. Reconstructive surgical procedures were performed in the absence of infection or other complicating factors. Before application and after release of the tourniquet, samples were obtained from venous effluent blood from the ipsilateral extremity (to which the tourniquet was applied) and from the contralateral extremity. No blood transfusions were used in treatment of patients. On the basis of clinical judgement, general or regional anesthesia was administered to these patients.
Sample Preparation and Storage
Using heparin-locked intravenous catheters, sequential venous blood samples were drawn from antecubital veins 10 min before placement of tourniquet and immediately after (within 20 s) as well as 3, 5, 10, 20, 30, 60 , and 120 min after tourniquet release. Blood samples (2.5 ml) were obtained simultaneously from the ipsilateral (tourniquettreated) and contralateral arms and were collected into tubes containing 10 mM EDTA. Each sample was diluted immediately 1 : 1 (v/v) with ice-cold medium consisting of 2.4 mM potassium phosphate, 150 mM sodium chloride, 10 mM dithiothreitol (DTT), and 1 mM phenylmethyl sulfonyl fluoride (PMSF) at a pH of 7.35. This was designed to prevent artifactual conversion of XD to XO. Plasma samples were obtained by centrifugation at 4 C within 10 min after sample collection. All samples were stored on ice and processed within 2 h.
Xanthine Dehydrogenase/Xanthine Oxidase Activity
XD and XO activities were assayed spectrophotometrically by measurement of uric acid formation at 293 nm in the presence and absence of NAD + at 37 ~ C, as described previously [10] . In some experiments O2 formation was directly measured on the basis of superoxide-inhibitable reduction of ferricytochrome c. In both systems of measurement 50 mM xanthine was added to provide substrate for the enzyme.
Histamine Radioimmunoassay
Plasma histamine was determined by radioimmunoassay using a commercially available kit from AMAC Inc. (Westbrook, ME).
Hemoglobin Determination
Hemoglobin content in plasma samples was determined spectrophotometrically at 412 nm. Samples were diluted 1:50 (v/v) with buffer consisting of 2.4 mM potassium phosphate, and 150 mM sodium chloride, pH 7.35, before measurement.
Fluorescence Products of Lipid Peroxidation
Fluorescence products in plasma were processed according the standard procedure in a fluorescent spectrofluorimeter, using excitation and emission wave lengths of 360 and 430 nm, respectively, as described previously [11] .
Uric Acid Determination
Plasma levels of uric acid were determined spectrophotometrically at 293 nm and expressed as mmol/1 using a molar extinction coefficient of 7.59 cm-1 mmol/1-1 for uric acid [12] . Proof that uric acid was measured was obtained by the addition of uricase, as described below.
Statistical Analysis
Data in various groups were expressed as mean (x) +_ standard error of the mean (SEM). To determine the significance of differences in samples obtained from contralateral (control) and ipsilateral (experimental) limbs, a paired t-test was used. Statistical significance was defined as P < 0.05.
Results
Immediately after tourniquet release (reperfusion), XO activity, measured by uric acid formation in the presence or absence of NAD +, rose more than fourfold in plasma from the ipsilateral limb. The peak increase occurred at 5 rain and was followed by declining levels. In blood from the contralateral limb, only a minor increase in XO activity was observed. When XO activity was determined by its generation of superoxide anion, similar data were obtained. At no time was XD activity detactable in either limb (Fig. 1) .
Since XO reacts with available hypoxanthine and xanthine to form uric acid, plasma samples were evaluated for uric acid content. As expected, there was a significant rise in uric acid levels in plasma from the ipsilateral limb at five minutes after reperfusion. Uric acid levels in plasma from the contralateral limb remained unchanged.
Because of recent observations that histamine significantly enhances the catalytic activity of XO [6] , we speculated that the ability to detect XO in plasma of reperfused limbs might be related to the availability to histamine. A radioimmunoassay demonstrated a significant increase in the histamine content in plasma from the ipsilateral but not the contralateral limb. Peak levels of plasma histamine were observed at 5 rain after reperfusion and, although declining thereafter, remained significantly elevated until 30 min after tourniquet release. Furthermore, it has been shown that the intravascular generation of oxygen-derived free radicals results in damage of red blood cells with the release of hemoglobin as well as in the appearance in plasma of fluorescent compounds [13] , which represent stable products of cross-linked amino-containing compounds derived from interaction with malondialdehyde [14] . There was clear evidence for the appearance of hemoglobin (with Soret bands of absorption at 412, 540, and 578 nm) in plasma of the ipsilateral extremity after reperfusion, whereas in the contralateral extremity the plasma contained no such measurable material. Fluorescent products were also found in the plasma of the ipsilateral extremity after reperfusion at corresponding time points.
Discussion
These findings demonstrate for the first time that in ischemia-reperfusion events in humans, XO appears within the effluent blood of the involved tissues. The most probable source of the enzyme may be vascular endothelial cells that, having been altered by ischemia, release XO into the plasma during reoxygenation (reperfusion). Availability of substrate for XO through the breakdown of ATP may have occurred during the ischemic period, because it is now documented that cellular depletion of ATP (which would result in formation of adenine nucleotides, adenosine, inosine, hypoxanthine, and xanthine) occurs in such conditions [15] . The documented release of histamine during reperfusion could bring about enhancement of the catalytic activity of XO, as recently demonstrated both in XO of plasma and in intact endothelial cells [10], making detection of XO possible. It is known that ischemia-reperfusion can bring about conversion within endothelial cells of XD to XO [16] .
The combined results of all of these events could be endothelial cell damage, resulting in leakage of XO into the plasma of the reperfused extremity. With data not shown here, we have found a direct proportionality between the duration of ischemia (tourniquet application) and subsequent level of plasma XO, suggesting that the duration of ischemia and level of plasma XO may be directly linked.
Conclusion
Reperfusion of tissues after a period of ischemia is well known to result in evidence of accentuated injury [1] . It has been speculated that the injury results from the generation of toxic oxygen products, which have been produced either from tissue enzymes or from activated phagocytic cells. The ability of allopurinol and superoxide dismutase to protect tissues from ischemia-reperfusion injury has been taken as evidence that generation of superoxide anion (O2), perhaps from xanthine oxidase (XO), may be relevant to the pathogenesis of the tissue injury [2] . Recently, it has been suggested that generation of O 2 results in formation of a chemotactic factor [3] that may be responsible for the recruitment of neutrophils into the involved tissue [4] . Indeed, previous neutrophil depletion of animals undergoing ischemia-reperfusion attenuates ischemia-reperfusion injury in the myocardium and small bowel [5, 6] .
Although bovine and rat puhnonary artery endothelial cells contain xanthine oxidase, which during ischemia is increased due to the conversion of xanthine dehydrogenase (XD), catalytically active XO has not been detected in extracts of human myocardium [7] , even though it has been shown that in a variety of human tissues there is immunochemical evidence for the presence of XO in vascular endothelial cells [8, 9] . These observations have raised questions regarding the role of XO and its reaction products in ischemia-reperfusion events in humans.
Addressing these questions we evaluated effluent blood from extremities of human patients undergoing reconstructive surgical treatment, which is routinely accompanied by upper-extremity exsanguination and application of a tourniquet, resulting in total interruption of arterial blood flow to one upper extremity. After tourniquet release (reperfusion), there were immediate increases in the plasma levels of xanthine oxidase activity, uric acid, and histamine in the ipsilateral limb and much smaller increases, if any, in levels of the same materials in plasma obtained from the contralateral extremity. There was no detectable xanthine dehydrogenase activity in plasma from either limb. Plasma also contained evidence of products consistent with the formation of oxygen-derived free radicals, namely, the appearance pre-dominantly in the reperfused limb of hemoglobin and fluorescent compounds. These data indicate for the first time in humans that ischemia-reperfusion events are associated with the appearance of xanthine oxidase activity and its products in the plasma effluent.
